Mnt is a transcriptional repressor related to the Myc/ Mad family of transcription factors. It is expressed in proliferating, resting and dierentiating cells and is believed to antagonize the function of Myc. Here we have characterized the major transcription initiation site of the mnt gene. In doing so we noted a remarkable level of sequence conservation between the murine and human 5' untranslated regions. Our experiments revealed that this sequence contains an internal ribosome entry segment (IRES). In addition, we show that sequences at both the 5' and 3' end of the IRES are essential for its function. These ®ndings indicate that mnt can be translated by internal initiation. Such a mechanism may allow ecient Mnt synthesis when cap-dependent translation initiation is reduced. Oncogene (2001) 20, 893 ± 897.
The mnt gene encodes a transcriptional regulator that is related to the Mad family of repressor proteins (reviewed in Schreiber- Agus and DePinho, 1998) . In common with the Mad proteins, Mnt contains a basicHelix ± Loop ± Helix-zipper domain (bHLHzip). Mnt forms heterodimers with the bHLHzip proteins Max and Mlx via the HLH and zip motifs (Hurlin et al., 1997; Meroni et al., 1997 Meroni et al., , 2000 . These complexes interact with a canonical CANNTG DNA element, known as an E-box, through residues in the basic region. Reporter genes expressed under the control of E-box elements are repressed by coexpression of Mnt or Mad proteins. This repression is dependent on a conserved helical domain at the N-terminus of these proteins which interacts with the corepressor mSin3. High molecular weight complexes containing mSin3 and histone deacetylase (HDAC) have been detected in mammalian cells; consequently it has been suggested that Mnt recruits mSin3/HDAC complexes to E-box elements resulting in the remodelling of local chromatin structure (Hurlin et al., 1997; Meroni et al., 1997) .
Little is known of the target genes regulated by Mnt, although it has been proposed that Mnt opposes the function of Myc. Myc ± Max heterodimers activate transcription from promoters containing E-box elements. However, coexpression of Mnt suppresses Mycdependent transactivation. Furthermore, Mnt inhibits the transformation of rat embryo ®broblasts by Myc/ Ras (Hurlin et al., 1997; Meroni et al., 1997) . Thus, Mnt may be involved in the control of cell proliferation, dierentiation, apoptosis and tumour progression.
Mnt is expressed throughout development and can be found in both proliferating and resting cells (Hurlin et al., 1997) . Moreover, Mnt ± Max heterodimers appear to be amongst the most abundant Maxcontaining complexes (Sommer et al., 1998; Pulverer et al., 2000) . Therefore, we have begun to characterize the regulation of mnt gene expression. In order to de®ne the transcription initiation sites of mnt, we performed RNase protection analysis using a probe that comprised a 1 kb SmaI ± EcoRI fragment from the 5' end of the gene. Over 90% of transcripts were shown to originate from a region approximately 200 nt upstream of the initiation codon (data not shown). We concentrated on further de®ning this potential promoter. To this end, RNase protection analysis was performed using a shorter riboprobe complementary to nucleotides 7386 to +14 (where the A of ATG is +1). The results con®rmed that there is one major putative transcription initiation site in this region, approximately 200 nt upstream of the mnt coding region ( Figure 1a , lane 1). To con®rm the presence of a promoter upstream of this region we utilized a promoterless luciferase reporter plasmid (pBLuc). Insertion of 400 bp of sequence from immediately upstream of the mnt coding region into pBluc stimulated luciferase expression by 46-fold (Figure 1b , 400). In comparison, the SV40 promoter was approximately fourfold more active (Figure 1b, SV) , whereas the 180 nt mnt 5' untranslated region (5' UTR) demonstrated no promoter activity (Figure 1b, 180) . Together, these data indicate that the majority of mnt transcripts initiate approximately 200 nt upstream of the coding region. Intriguingly, a direct comparison of the murine and human 5' UTRs revealed a striking degree of sequence conservation (95%, Figure 1c) . Furthermore, the sequence is approximately 70% G+C rich, with the 3' end exhibiting an even greater bias. These observations suggested that the mnt 5' UTR may be involved in regulating translation initiation (Gray and Wickens, 1998) .
Initially, we wished to determine whether the G+C rich 5' UTR could modulate Mnt protein synthesis by aecting cap-dependent translation initiation. Therefore, we determined the eect of the mnt 5' UTR on the synthesis of ®re¯y luciferase in HeLa cells. Transfection of cells with the constructs pFL or pMntFL produces luciferase mRNA or a 5' UTR-luciferase chimeric mRNA, respectively (Figure 2a) . Interestingly, despite the G+C rich 5' UTR, the amount of luciferase produced from pFL and pMntFL was approximately equivalent (Figure 2a) . Thus, the mnt 5' UTR does not appear to reduce translation initiation. A 400 bp fragment from the 5' end of the mnt gene was ampli®ed by PCR using the primer set 5'-GAGTGGTACCCAG-CGCGGCTCCTTCCCTTGTTGTG-3' (MNT5'a) and 5'-GATG-GAATTCCGTCTCTATGCTCATCGCGGCGAG-3' (MNT5'b) and subcloned into pSP72 (Promega) between the Asp718 and EcoRI sites. A radiolabelled antisense riboprobe was generated by in vitro run o transcription using this plasmid as a template. Hybridization was performed using 1610 5 c.p.m. of probe and 40 mg of total RNA isolated from Balb c/3T3 cells (lane 1) or E. coli tRNA (lane 2). After digestion with RNase A and T1, radiolabelled products were separated by electrophoresis on a 5% polyacrylamide/7 M urea gel. Protected fragments were visualized using autoradiography. (b) A 400 bp sequence from the upstream region of the mnt gene exhibits promoter activity. The sequence immediately upstream of the mnt start codon was ampli®ed using the primer sets MNT5'a and 5'-ACCCATGGCGGCGAGAG-CAGCCGGGGGC-3' (UTRB), or 5'-GCGAATTCGGGAGA-CATTGATTTTTCTCCC-3' (UTRA) and UTRB to obtain fragments of 400 and 180 bp, respectively. These fragments were subcloned into the promoter-less reporter construct pBLuc, immediately upstream of the ®re¯y luciferase coding region, thereby generating the plasmids pM400Luc and pM180Luc. HeLa cells were transfected using calcium phosphate with 5 mg of either the promoter-less construct pBLuc (7), pM400Luc (400), pSVLuc containing the SV40 promoter (SV), or pM180Luc (180) together with 1 mg of the transfectiion control pbgal. Luciferase activity was determined as described previously (Stoneley et al., 1998 ) using a Celsis-Lumac Biocounter 2010 luminometer and normalized to b-galactosidase activity. (c) Sequence alignment of the murine and human 5'UTRs of the mnt gene demonstrating the remarkable conservation between these species Figure 2 The 5' UTR does not inhibit cap-dependent translation but stimulates expression of the downstream cistron when introduced into a bicistronic mRNA. (a) Luciferase expression is unaected on fusing the mnt 5' UTR to a monocistronic mRNA. A 180 bp sequence of the 5' UTR was ampli®ed as described ( Figure 1b) and inserted into the plasmid pFL between the EcoRI and NcoI sites (previously called pGL3, Stoneley et al., 1998) , thereby creating pMntFL. HeLa cells were transfected with either pFL (7UTR) or pMntFL (+UTR) together with pbgal. Luciferase activity was determined as described previously. (b) Insertion of the 5' UTR into the intercistronic region of a bicistronic mRNA stimulates second cistron expression to a similar extent as the c-myc IRES. The mnt 5' UTR sequence (180 bp) was subcloned into the plasmid pRF (Stoneley et al., 2000) between the ®re¯y and Renilla cistrons using the EcoRI and NcoI sites (pRmntF). HeLa cells were transfected with the plasmids pRF (con), pRmycF containing the c-myc IRES (myc), and pRmntF (mnt). Renilla (RL) and ®re¯y (FL) luciferase activities were determined using the Stop and Glo TM reagents (Promega) and normalized as described previously It has recently become clear that some cellular mRNAs can be translated via the alternative mechanism of internal initiation (Iizuka et al., 1995) . In this mode of translation, originally identi®ed in picornavirus genomic RNAs, ribosome recruitment is mediated by an internal ribosome entry segment (IRES) located in the 5' UTR of the RNA. Structural elements within the IRES are believed to play a critical role in ribosome binding (Jackson et al., 1994) . Many of those cellular mRNAs that possess an IRES are involved in the regulation of cell growth and proliferation e.g. c-myc, eIF4G and FGF2 (Vagner et al., 1995; Johannes and Sarnow, 1998; Stoneley et al., 1998) .
To determine if the mnt 5' UTR contains an IRES, we inserted the sequence into a bicistronic mRNA. The contruct pRF expresses a bicistronic mRNA in mammalian cells, with Renilla and ®re¯y luciferase as upstream and downstream cistrons, respectively (Figure 2b) . The majority of ribosomes terminate after translating the upstream cistron and fail to reinitiate at the downstream cistron. Hence, cells transfected with pRF expressed a relatively low level of ®re¯y luciferase ( Figure The increased synthesis of ®re¯y luciferase mediated by the mnt 5' UTR could be due to various mechanisms. These include authentic internal initiation, the enhanced reinitiation of ribosomes subsequent to termination at the Renilla luciferase stop codon, and the production of functional monocistronic ®re¯y luciferase mRNAs by transcription, splicing, or RNase cleavage.
Firstly, to dierentiate between the readthrough reinitiation mechanism and internal initiation, an RNA hairpin was introduced at the 5' end of the bicistronic mRNA (Stoneley et al., 1998) . This hairpin inhibits ribosome scanning and consequently reduces readthrough reinitiation events. However, genuine internal initiation is independent of ribosomes scanning from the 5' end of the transcript and is therefore unaected by this hairpin structure. Bicistronic mRNAs containing the mnt 5' UTR and bicistronic mRNAs containing both the hairpin and the 5' UTR were expressed in HeLa cells. The RNA structure (DG=760 kcal/mol) reduced the synthesis of Renilla luciferase by ®vefold (Figure 3a , compare RL+ and RL7). However, the hairpin had little eect on the activity of ®re¯y luciferase (Figure 3a, compare FL+ and FL7) . Hence, the expression of ®re¯y luciferase directed by the mnt 5' UTR was independent of ribosomes scanning from the 5' end of the transcript and is therefore not due to readthrough reinitiation.
In order to verify the integrity of the bicistronic mRNAs synthesized from pRmntF, an antisense riboprobe was designed to hybridize to the central region of the bicistronic mRNA, including 77 nt of the Renilla luciferase ORF, the mnt 5' UTR and 148 nt of the ®re¯y luciferase ORF (Figure 3b ). HeLa cells were transfected with pRmntF or mock transfected, and RNase protection analysis was performed. A fragment of 457 nt was protected by the pRmntF transfected RNA (Figure 3c, lane 3) demonstrating that intact bicistronic mRNAs are transcribed from pRmntF. In addition, due to hybridization between the riboprobe and the endogenous human mnt transcript, a species of 130 nt was protected by mock and pRmntF transfected RNA samples (Figure 3c, lanes 2 and 3) . Although the murine mnt sequence in the riboprobe is 180 nt long, mismatches with the human sequence resulted in the production of this shorter fragment (Figure 1c) . Importantly, no fragments shorter than 457 nt were unique to the pRmntF transfected sample, indicating that monocistronic ®re¯y luciferase mRNAs are not produced in cells transfected with pRmntF.
Taken together, these data indicate that the mnt 5' UTR directs internal initiation on a bicistronic mRNA and therefore contains an IRES. In picornaviruses, the minimum sequence required for internal initiation is approximately 450 nt and IRESs can be classi®ed according to primary sequence and secondary structure conservation (Jackson et al., 1994) . In contrast, the cellular IRESs identi®ed to date show little similarity, and can be as short as 92 nt (Yang and Sarnow, 1997) . We performed deletion on the mnt 5'UTR to de®ne the boundaries of the IRES. Removal of 50 nt from the 5' end of the mnt 5' UTR resulted in the complete abrogation of mnt IRES activity (Figure 4 , 51 ± 180). In fact, the downstream cistron activity from this bicistronic mRNA was approximately 44-fold lower than that due to reinitiation on the control mRNA (Figure 4 , compare con and 51 ± 180). Hence, the 3' 130 nt of the mnt 5' UTR appeared to inhibit ribosomes scanning to the downstream start codon. Deletion of a further 50 nt from the 5' end restored the downstream cistron activity to a level comparable to that observed with the control mRNA (Figure 4 , 101 ± 180). At the 3' end, deletion of 50 or 100 nt resulted in an eight-or 18-fold decrease in downstream cistron activity, respectively (Figure 4 , 1 ± 130 and 1 ± 70). Hence, IRES activity was almost completely ablated by the removal of these sequences. In summary, the deletion analysis indicated that sequences at both the 5' and 3' ends of the mnt 5' UTR are essential for the integrity of the IRES. Interestingly, unlike many of the cellular IRESs analysed, the mnt IRES has de®nite boundaries, which is perhaps indicative of a greater dependence on the structure of the element (Stoneley et al., 1998; Chappell et al., 2000) . Indeed, the inhibition of ribosome translocation by the 51 ± 180 fragment of the 5' UTR suggests that this region is particularly rich in secondary structure (Figure 4) .
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An IRES in the mnt 5' UTR M Stoneley et al Figure 3 The mnt 5' UTR contains an IRES. (a) Translation directed by the 5' UTR on a bicistronic mRNA is independent of ribosomes scanning from the 5' end. The sequence encoding the mnt 5' UTR was introduced into the construct pHRmycF (previously called pGL3RutrH, Stoneley et al., 1998) between the SpeI and NcoI sites, thereby replacing the c-myc sequence in the intercistronic region. This construct, known as pHRmntF, and pRmntF were transfected into HeLa cells and normalized luciferase activities were determined as described. (b) A schematic of the riboprobe used to assess the integrity of the mRNAs transcribed from pRmntF. A 457 bp fragment was ampli®ed from pRmntF by PCR using the primers 5'-GCGGATCCGCAAGAAGATGCACCT-GATG-3' and 5'-GCGGTACCCCACCTCGATATGTGCATCT-3' and was subcloned in pSP72 (Promega). (c) RNase protection analysis of the bicistronic mRNAs transcribed from pRmntF in HeLa cells. The radiolabelled riboprobe depicted in (b) was hybridized to 40 mg of tRNA (lane 1) and 40 mg total RNA isolated from either mock transfected HeLa cells (lane 2) or HeLa cells transfected with pRmntF (lane 3). Samples were processed as described in Figure 1a Figure 4 Deletion analysis of the mnt IRES. (a) A diagrammatic representation of the truncations made to the IRES. The mnt 5' UTR fragments 51 ± 180 and 101 ± 180 were obtained by PCR ampli®cation using the common primer UTRB and 5'-TAGAATTCGCGCTGCGCCGCCCAGCCCT-3' or 5'-TAGAATTCCAGCCTGACCTGTGCTTGGC-3', respectively. The fragments 1 ± 130 and 1 ± 70 were ampli®ed using the common primer UTRA and 5'-GCCAAGCACAGGTCAGGCTG-3' or 5'-AGGGCTGGGCGGCGCAGCGC-3', respectively. These sequences were subcloned into pRF between the EcoRI and NcoI sites for the 5' truncations or into the PvuII site for the 3' truncations. (b) The constructs pRF (con), pRmntF (mnt), and the deletion constructs discussed above were cotransfected into HeLa cells with pbgal. Renilla and ®re¯y luciferase activities were determined. Fire¯y luciferase expression from each construct is shown. Renilla luciferase activity was approximately equivalent for all constructs (data not shown) In summary, we have shown that the 5' UTR of the predominant mnt transcript is approximately 200 nt long. Within this leader sequence we have identi®ed an IRES. Such an element may allow the ecient translation of mnt transcripts under conditions when the activity of the cap binding complex eIF4F is reduced, as has been observed for the VEGF IRES during hypoxia and the XIAP and c-myc IRESs during apoptosis (Stein et al., 1998; Holcik et al., 1999; Stoneley et al., 2000) . In this regard, it is noteworthy that Mnt is synthesized in quiescent ®broblasts and in terminally dierentiated adipocytes (Pulverer et al., 2000) . Given the ability of Mnt to suppress Mycmediated cellular transformation, the function and mechanism of the mnt IRES warrant further investigation.
